tion of the clock (Hardin et al., 1992) . Autoregulatory transcriptional loops may turn out to be a molecular theme fundamental to circadian clocks among a diverse array of organisms, as the product of the Neurospora clock gene frequency (frq), known to encode a circadian clock element, also negatively regulates the level of its own transcript (Aronson et al., 1994) . Recent studies with pershow that posttranscriptional mechanisms such as nuclear entry, phosphorylation, and proteolysis may all contribute in an interdependent way to these autoregulatory loops (see below).
The first clue that PER might regulate its own transcription came from studies of the temporal profiles of PER mRNA and protein (Hardin et al., 1992 , and references therein). Levels of each exhibit prominent circadian oscillations, with peak PER mRNA values preceding peak protein levels by several hours ( Figure 1A ). This lag between apparent synthesis and negative feedback is a theoretical necessity for sustaining an ongoing circadian oscillation.
The PER mRNA and protein oscillations are biologically significant because mutations of per that cause changes in circadian behavior (either arrhythmicity or altered circadian period) elicit qualitatively similar changes in the protein and mRNA oscillations.
Once PER mRNA fluctuations were shown to be regulated transcriptionally (Hardin et. al., 1992) , attention turned to PER's role in this process. The most direct way for PER to alter its own transcription is to enter the nucleus and bind to DNA. However, this seems unlikely as PER has no known DNA-binding motifs. A more indirect method might involve PER interacting with transcription factors that bind to the per gene. Indeed, PER shares homology with a family of basic-helix-loop-helix transcription factors that all contain a common sequence region, termed the PAS domain (Huang et al., 1993 , and references therein) ( Figure 1B) . Furthermore, the PAS domain was shown in vitro to be a region through which PER can form homoor heterodimers (Huang et al., 1993) . These findings have stimulated an intense search for PER dimerization partners that participate in the transcriptional feedback loop. PER is found in the nucleus, and its nuclear entry is temporally controlled. Recent detailed analysis of PER's entry into the nuclei of Drosophila brain cells has shown that the protein first accumulates in the cytoplasm and then enters the nucleus during a restricted part of the circadian cycle (Figure 1A ). The importance of the timing of PER nuclear entry in the dynamics of the feedback loop was further shown by examining per L mutants, in which period length is not temperature compensated and increases at elevated temperatures. PER nuclear entry is delayed in per L mutants and further delayed at elevated temperatures. There is also progressive phosphorylation of PER, which occurs as the protein is entering the nucleus (Edery et al., 1994b) . Thus, the regulation of PER nuclear entry, which may depend in part on phosphorylation state, provides the necessary posttranscriptional delay prior to negative feedback to generate a 24 hr oscillation. Hyperphosphorylated PER may signal proteolysis, accounting for PER's rapid dissappearance at the end of the cycle (Edery et al., 1994b) . Studies of per s mutants show that the duration of time that PER is in the nucleus is another aspect of the feedback loop that is under circadian control. The timing of PER nuclear entry is unaltered in per s mutants . Instead, these mutants have an early PER phosphorylation peak and an accelerated protein half-life in the nucleus (Edery et al., 1994b , and references therein). The resulting shortened duration of negative feedback may explain the short period phenotype.
A clever molecular model of temperature compensation was recently proposed based on further studies of the per L mutation, a mutation that occurs in the PAS domain. A yeast two-hybrid system was used to show that a region of PER downstream from PAS (termed the C domain) interacts with PAS, forming a putative intramolecular interaction that could compete with PAS-based intermolecular dimerization . Furthermore, the temperature-sensitive per L mutation increases the affinity and temperature coefficient of the intramolecular interaction. The importance of this intramolecular interaction in temperature compensation, however, is challenged by new studies of the intermolecular interaction between PER and the tim protein (TIM) (see below).
To demonstrate that PER functions as a true clock element, alterations in its level must shift the phase of molecular and/or behavioral rhythms at some circadian phases. This criterion was examined by using transgenic flies carrying a heat shock promoter-PER fusion gene (Edery et al., 1994a) . Although the data are consistent with PER being a clock element, the results are confounded by the fact that heat shock alone resets the fly clock. To fulfill this criterion conclusively, it will be important to design studies similar to those performed with the frq transcript (Aronson et al., 1994) . It must be shown that resetting PER alone is sufficient to reset the clock and that holding PER levels constant at different graded levels will not support a rhythm.
A feature common to all known metazoan circadian clocks is that the oscillatory machinery resides within single cells. Even within the mammalian circadian clock in the hypothalamic suprachiasmatic nucleus, single neurons appear to function as autonomous clocks (Welsh et al., 1995) . In Drosophila, the effect of PER on its own cycling is indeed intracellular. This was shown by using a rhodopsin promoter-PER fusion gene to constitutively overexpress PER in photoreceptor nuclei of Drosophila eye (Zeng et al., 1994) . Constitutive overexpression of PER suppresses (but does not eliminate) PER mRNA cycling in the photoreceptor cells, providing further evidence that PER negatively regulates expression of its own transcript. Importantly, PER overexpression in photoreceptors did not reduce PER mRNA levels elsewhere in the fly, indicating intracellular action of PER.
Defining where neural circadian pacemaker cells that drive rhythms in eclosion and locomotor activity reside is difficult in Drosophila because cells both inside and outside the fruit fly brain rhythmically express PER (Hardin, 1994) , and there is both glial and neuronal expression within the brain. Transgenic studies and genetic mosaic analysis narrow attention to a group of lateral neurons in central brain that may contain the relevant pacemaker cells (Frisch et al., 1994, and references therein; Helfrich-Forster, 1995; Vosshall and Young, 1995) , although PERexpressing glia may contribute to or modify such pacemaker function (reviewed in Hall, 1995) . The cloning of per in larger insects (see below) may allow a level of analysis of putative circadian pacemaker neurons in those larger brains (e.g., electrophysiological characterization) not readily attained in Drosophila.
per was recently cloned from insects outside the order Diptera, extending the generality of the clock function of per. Using a PCR-based strategy, per was cloned from the giant silkmoth, Antheraea pernyi (Reppert et al., 1994) . The silkmoth per cDNA encodes a protein that shares high sequence identity with fly PER in several regions, including the PAS domain, and exhibits prominent circadian oscillations in mRNA and protein levels. By expressing the silkmoth per cDNA in per ° transgenic flies, it was shown that the silkmoth homolog can function as a circadian clock element in Drosophila (Levine et al., 1995) . per cDNA fragments were also cloned from more phylogenetically diverse insects, and the hope is that per homologs may now be identified in other invertebrates and perhaps even vertebrates (Reppert et al., 1994) . A Second Drosophila Clock Gene, timeless, Steps Forward An exciting recent finding was the discovery of a second Drosophila clock mutation, tim, that resides at a genetic locus (chromosome 2) distinct from per (X chromosome) . Similar to null per mutants, the tim mutation abolishes circadian rhythms of adult eclosion and locomotor activity. At a molecular level, the tim mutation eliminates the circadian oscillation of PER mRNA, implicating an interaction between tim and per in underlying clock mechanisms.
Further analysis of the tim mutation suggested that the mutation interacts with per at a posttranscriptional level by blocking the nuclear entry of PER (Vosshall et al., 1994) . In tim mutant flies, PER could not be detected by immunocytochemistry in the nucleus at any time during the circadian cycle. Moreover, a PER-13-galactosidase fusion gene containing the amino-terminal half of PER is trapped in the cytoplasm of tim mutant transgenics. Analysis of the subcellular distribution of PER reporter proteins containing different portions of PER in various genetic backgrounds suggests that the product of tim interacts with a region of PER that includes the PAS domain (Vosshall et al., 1994) .
Western blot analysis of PER in wild-type Drosophila and tim mutants provided additional biochemical evidence that animals bearing the tim mutation produce very low levels of endogenous PER, which does not cycle (Price et al., 1995) . Furthermore, the tim mutation appears to disrupt the normal circadian regulation of PER phosphorylation. Together, these initial results strongly suggested that the product of tim regulates the time-dependent nuclear entry of PER. tim Encodes a PER Dimerization Partner In a recent issue of Science, a series of three papers describes provocative work that further elevates the tim story. Myers et al. (1995) report the positional cloning and sequencing of tim. The tim gene encodes a novel protein of 1122 amino acids. It may also encode an alternately spliced form of 1389 amino acids with a different carboxyl end. The TIM proteins show no homology to PER and, surprisingly, do not contain a PAS domain. TIM is an overall acidic protein, containing a basic region that may function as a nuclear localization signal and an acidic region that is a feature of the activation domain of some transcription factors ( Figure 1B) . TIM lacks an obvious DNA-binding domain. The initial tim mutation, the product of a hybrid dysgenesis screen, consists of a short deletion, which terminates TIM at amino acid 749 and functions as a null mutation.
Using a yeast two-hybrid screen for PER-interacting proteins, Gekakis et al. (1995) describe the cloning of a putative PER dimerization partner that, remarkably, turned out to be TIM. Two-hybrid and in vitro analyses of different protein fragments indicate that a region of TIM sufficient for interactions with PER is found within amino acids 505-906, but does not include, as already noted, a PAS dimerization domain ( Figure 1B ). The region of PER that interacts with TIM appears to reside within the amino-terminal half of the PAS domain. Thus, there is a heterotypic interaction between the PAS domains of PER and TIM.
Studies with the two-hybrid assay of the interaction of the per L mutation with TIM show that the interaction is markedly temperature sensitive (Gekakis et al., 1995) . Thus, the per L mutant, which causes a temperaturesensitive delay in PER nuclear entry, also causes a temperature-sensitive defect in binding to TIM. Furthermore, this temperature-sensitive process is not altered by per L PER fragments lacking the C domain. This shows that the per L mutation does not disrupt the association of PER with TIM via a competitive, temperature-enhanced intramolecular association between the PAS and C domains, as previously suggested and discussed above. tim and per Form Interdependent Feedback Loops provide intriguing findings concerning the interactions between per and tim. As with per, TIM mRNA levels in the fly head (measured by RNase protection analysis) exhibit a pronounced circadian rhythm. Interestingly, the phase and period of TIM and PER mRNA rhythms are indistinguishable from each other ( Figure 1A ). PER is involved in the cyclic expression of TIM mRNA, because the per s mutation causes a short-period TIM mRNA oscillation (17-18 hr) identical to that of PER mRNA. In addition, the circadian rhythm of TIM mRNA levels is abolished by a null per mutation. The TIM mRNA rhythm is also disrupted by the null tim mutation, showing that TIM functions in its own autoregulatory feedback loop to repress transcription.
The discovery of per-tim interactions broadens our understanding of the Drosophila circadian clock, tim and per are involved in two interdependent transcriptional feedback loops of which nuclear entry is a critical feature (Figure 1C) . PER and TIM may depend on each other for nuclear translocation, and the event initiating nuclear entry may be the time-dependent accumulation of PER and TIM . Although TIM levels and intracellular localization were not measured (an antibody to TIM had not yet been generated), the virtually identical mRNA oscillations between PER and TIM suggest that TIM and PER levels will increase concurrently until some critical threshold is reached, resulting in dimerization and nuclear entry (Gekakis et al., 1995) . TIM-PER association and/or nuclear entry may also depend on posttranslational modifications of the proteins (e.g., phosphorylation), as previously discussed.
The coregulatory molecular loops of per and tim may well interdigitate with other molecular loops, involving other clock components not yet identified. Thus, the actual clock mechanism may depend on the complex interaction of several interdependent molecular loops, each with a circadian time constant involving different clock genes. The interfaces between these loops (e.g., nuclear entry for PER and TIM) are critical control points of the clock mechanism that need to be fully understood.
Several questions remain. What is the time course of the TIM oscillation? In what cells are TIM and PER colocalized? Does intracellular localization of TIM correlate with that of PER? How does the input pathway of photic entrainment interface with perand tim? How do PER and TIM alter their own transcription? How do the per and tim molecular loops interact with output pathways that control behavioral rhythms? Answers will keep circadian biologists dancing.
